Abstract. Colorectal cancer (CRC) cells have been previously observed to be resistant to paclitaxel-induced apoptosis by activation of the mitogen-activated protein/extracellular signal-regulated kinase (MEK)/ERK signaling pathway and increased expression of glucose-regulated protein 78 (GRP78). Caffeine, the most widely used neuroactive compound, has antiproliferative activity and the ability to induce cell cycle arrest and apoptosis. In the current study, the effect of concomitant use of caffeine on paclitaxel-induced apoptosis in CRC cells was investigated. The results revealed that treatment of Colo205 cells with varying caffeine concentrations did not induce apoptosis. Pretreatment of CRC cells with caffeine significantly inhibited paclitaxel-induced cytotoxicity by increasing the levels of the antiapoptotic Bcl-2 family member, Mcl-1. This effect was inhibited by pretreatment of Colo205 cells with the MEK-ERK chemical inhibitor, U0126. In addition to GRP78, these results indicated that Mcl-1 may be a downstream target of the MEK-ERK signaling pathway. Moreover, administration of caffeine may decrease chemotherapeutic responses to paclitaxel by the MEK-ERK mediated upregulation of Mcl-1. In conclusion, coadministration of cell cycle-modifying agents, including caffeine should be avoided in CRC patients treated with paclitaxel.
Introduction
Colorectal cancer (CRC) is the third most common type of malignancy in the developed western world and the third leading cause of mortality from cancer in the United States (1) . Although the incidence of CRC varies by ~20-fold worldwide, in Jordan, CRC is the most common type of cancer in males and the second following breast cancer in females (2) . Although the survival rate following excision of the primary tumor is high, when the disease spreads to distant sites, it is usually incurable by current systemic treatment options, including chemotherapy, radiotherapy and immunotherapy. This is hypothesized to be largely due to resistance of cancer cells to induction of programmed cell death or apoptosis. Understanding and overcoming resistance mechanism(s) of cancer cells to apoptosis may simplify the identification of novel therapeutic targets and development of new treatment options.
Taxanes, including paclitaxel and docetaxel are an essential class of chemotherapeutic agents that exert anticancer effects in vitro and in vivo against a number of types of cancer, including lung, ovary, breast, and head and neck cancer (3) . The two taxanes were isolated from the bark of the American Yew (Taxus brevifolia) and later semi-synthesized from the foliage and seeds of European Yew (Taxus baccata). Initially, taxanes were described as antimitotic agents that bind to β-tubulin, stabilize the microtubule polymer and protect it from disassembly, which differs from other tubulin-targeted agents, including colchicine that inhibit microtubule assembly resulting in blockage of the cell cycle at the G2/M phase and cell apoptosis (4, 5) .
A number of mechanisms were proposed to explain cancer cell resistance to taxanes, one of which is the over-expression of P-glycoprotein which induces efflux of the drug (6, 7) . Another reported mechanism that leads to cancer cell resistance is the ability of taxanes to activate numerous prosurvival signaling pathways, including the Ras-Raf-MEK-ERK pathway (8) (9) (10) .
The mitogen-activated protein kinases (MAPKs) are a family of intracellular enzymes that comprise essential mediators of signal transduction pathways and organize the cell response to different extracellular stimuli (11, 12) . The MAPK family comprises three major MAP kinase groups: extracellular signal-regulated kinase (Erk1 and 2); c-Jun N-terminal kinases (JNK 1, 2 and 3) and p38 MAPK (p38α, β, δ and γ (13) . Phosphorylation of MAPK by MAPK kinase leads to its activation, each MAPK is activated by specific MEK-protein kinase and individual MAPKs regulate distinct cell processes involved in cell division, differentiation and survival. The Ras-MEK-ERK pathway is associated with suppression of apoptosis, while stress-activated kinases are associated with the induction of apoptosis. ERK1/2 is located downstream of a group of kinases, including protein kinase C (PKC), MEK1 and Raf-1. When stimulated by extracellular signals, the kinases are phosphorylated, leading to their activation. Ras/Raf/MEK/ERK signaling activation is a hallmark of various types of cancer, including breast, lung and colorectal cancer as well as melanoma (14) . Moreover, previous studies have reported that variation in the composition and β-tubulin isotype mutations, may lead to cancer cell resistance to taxanes (15) (16) (17) . Previously, it was shown that the unfolded protein response (UPR), evident by the expression of endoplasmic reticulum (ER) chaperone glucose-regulated protein 78 (GRP78), contributes to the antiapoptotic effects and resistance to chemotherapy in a number of types of cancer (18, 19) .
Caffeine (1,3,7-trimethylxanthine) is a natural stimulatory substance that is commonly present in a number of sources, including leaves of tea, coffee beans, cocoa beverages, soft drinks and even in chocolate products (20) . Caffeine is also available in a number of over-the-counter (OTC) remedies, including some pain killers (21) . Due to its frequent and common consumption, caffeine may be considered the most frequently ingested neuroactive compound (22, 23) . Previous studies have reported several effects of caffeine, including the suppression of cell proliferation (24) , enhancement of radiation and anticancer agents toxicity, as well as the elimination of chemical-or radiation-induced delays in cell cycle progression (25, 26) . Caffeine is potentially capable of inhibiting ultraviolet B-induced skin cancer in mice (27, 28) and a study by Nomura et al (29) showed that caffeine (0.5 mM) may inhibit malignant cell transformation induced by epidermal growth factor. Caffeine has been the subject of intensive studies due to various effects reported, including the effect of caffeine on cell cycle function, the ability to induce apoptosis and affecting specific regulatory proteins, including p53 (30) (31) (32) . In the current study, the effect of caffeine on paclitaxel-induced cytotoxicity was investigated in CRC cell lines. In addition, possible molecular targets for this effect were evaluated.
Materials and methods

Cell lines, antibodies and other reagents.
The human colon cancer cell line Colo205, was cultured in DMEM containing 10% FCS (BioWhittaker, Verviers, Belgium).
Paclitaxel was purchased from Sigma-Aldrich (St. Louis, MO, USA) and stored as a 20 mM solution in dimethyl sulfoxide (DMSO) with a final concentration of 0.1% (v/v) at -80˚C and diluted with DMEM medium prior to use. Propidium iodide (PI) was purchased from Sigma-Aldrich. The rabbit polyclonal antibody against ERK1/2 was purchased from Cell Signalling Technology (Beverly, MA, USA). The ERK1/2 inhibitor (MEK Inhibitor, U0126) was purchased from Calbiochem (La Jolla, CA, USA). Phosphorylated ERK1/2, the rabbit MAbs against GRP78/Bip and Mcl-1 antibodies were all purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA).
Apoptosis. Quantification of apoptotic cells by measurement of sub-G1 DNA content using the PI method was carried out as described in a previous study (17) .
Western blot and protein expression analysis. Cells were cultured to 80% confluency. The cells were trypsinised and washed with medium twice followed by one cold PBS wash.
The cells were lysed with a Triton X-100 based lysis buffer [10% Triton X-100, 10% glycerol, 150 mM NaCl, 20 mM Tris (pH=7.5), 2 mM ethylene diamine tetraacetic acid (EDTA), 1 mM phenylmethylsulphonyl fluoride (PMSF), 10 x 10 -6 g aprotinin and 10 x 10 -6 g leupeptin]. Cell lysates were transferred into microcentrifuge tubes and following 1 h on ice were centrifuged at 4,500 x g for 30 min at 40˚C. The protein content of cell extracts was determined by the Bradford assay (Bio-Rad, Hercules, CA, USA). A total of 20-30 µg of protein was electrophoresed on 10-15% SDS-PAGE gels and transferred to nitrocellulose membranes. The membranes were blocked, incubated with primary Abs at the appropriate concentration and subsequently incubated with horseradish peroxidase-conjugated goat anti-rabbit IgG or goat anti-mouse IgG (1:3,000 dilutions; Bio-Rad). Labeled bands were detected by an Immun-Star™ HRP Chemiluminescent kit and images were captured. The intensity of the bands was quantified with the Bio-Rad VersaDoc™ image system. The relative expression of specific proteins was determined by dividing the densitometric value of the test protein by that of the control (GAPDH).
Statistical analysis. Data are expressed as mean ± SE. The statistical significance of intergroup differences in normally distributed continuous variables was determined using a Student's t-test. P≤0.05 was considered to indicate a statistically significant difference.
Results
Caffeine does not induce apoptosis of CRC cells and antagonizes paclitaxel-induced apoptosis.
To study the effect of caffeine on paclitaxel-induced apoptosis of CRC cells, Colo205 cells were first treated with different doses of caffeine. Dose titration of caffeine (0-20 µM) was performed and results indicated that caffeine did not induce apoptosis of Colo205 cells (data not shown). The combination effect of caffeine and paclitaxel against Colo205 cells was evaluated (Fig. 1) . Results showed that pretreatment of Colo205 cells with caffeine at 20 µM, prior to the addition of paclitaxel at 80 µM, significantly inhibited paclitaxel-induced apoptosis.
Caffeine induces the MEK/ERK survival pathway.
A previous study showed that paclitaxel induces activation of the MEK/ERK survival pathway (17) . To gain a better understanding of whether pretreatment with caffeine was responsible for antagonism of paclitaxel-induced apoptosis by further increasing activation of ERK1/2 pathway, Colo205 cells were pretreated with the chemical inhibitor of MEK, U0126, prior to the addition of caffeine and paclitaxel. Results in Fig. 2 show that when the MEK-ERK pathway is inhibited, caffeine does not reverse paclitaxel-induced cytotoxicity, indicating that such antagonism may be mediated by activation of the MEK-ERK survival pathway.
Caffeine induces Mcl-1 and GRP78 protein levels but not survivin.
To study whether caffeine-paclitaxel combination-induced activation of MEK-ERK signaling may be influencing other cell survival mediators, alterations in the protein levels of Mcl-1, GRP78 and the inhibitor of apoptosis protein, survivin, were evaluated in Colo205 cells following various treatments. Results in Figs. 3-5 showed that treatment of Colo205 cells with caffeine induced levels of Mcl-1 and GRP78, respectively, but not survivin. Treatment with paclitaxel induced protein expression of GRP78 and surviving, however, this was not observed to be significant. Levels of Mcl-1 were not affected by paclitaxel treatment. Pretreatment of cells with caffeine followed by paclitaxel resulted in a significant increase in all proteins, particularly GRP78 and Mcl-1. This increase was almost completely abrogated by pretreatment with the chemical inhibitor, U0126, indicating that MEK-ERK signaling occurs upstream of caffeine and paclitaxel-induced GRP78 and Mcl-1 upregulation.
Discussion
The aim of the present study was to evaluate the effect of caffeine on the cytotoxicity induced by paclitaxel on CRC cells. The aforementioned results reveal that sensitivity of CRC cells to paclitaxel may be reversed with pretreatment of caffeine. This is largely mediated by upregulation of the antiapoptotic mediators Mcl-1 and GRP78, but not survivin.
It has been previously shown that paclitaxel induces UPR in CRC as observed by upregulation of the UPR master marker U0126), with or without caffeine and paclitaxel alone. Whole-cell lysates were subjected to western blot analysis. Relative expression was determined against control protein (GAPDH) using densitometric analysis. MEK, mitogen-activated protein/extracellular signal-regulated kinase.
GRP78 and phosphorylation of eukaryotic initiation factor 2 α subunit (33) . The UPR is essential for eukaryotic cell survival under ER stress and normal growth conditions. To ensure that the ER protein-folding capacity is not overwhelmed, the UPR is activated to remove the stress condition forced on the ER and is organized by transcriptional activation of a number of genes mediated by IRE1 and ATF6, a general reduction in translation initiation and selective translation of specific mRNAs mediated by PERK (34) . However, if ER stress remains unresolved, UPR may induce apoptotic cell death by activation of various molecules, including caspases-4 and -12 and Bax/Bak (35, 36) . Thus, the mechanism of chemoresistance of CRC cells to paclitaxel-induced apoptosis may be the activation of UPR.
Caffeine is known to differentially modify the cytotoxicity of specific chemotherapeutic agents. This is hypothesized to be due to DNA intercalation (37), inhibition of poly (ADP ribose) polymerase (38) and cAMP phosphodiesterase (39) . Caffeine was shown to increase the cytotoxic effect of cisplatin, a DNA damaging agent, against lymphoma cells (40) and that of etoposide on HeLa cervical carcinoma cells (41) . These effects were associated with the potential of caffeine to induce cell cycle arrest, particularly at the G2/M phase, which was followed by apoptosis (25, 40, 41) . In addition, caffeine has been shown to enhance paclitaxel-induced apoptosis in human breast cancer MCF-7 cells (25) . By contrast, caffeine inhibited paclitaxel-induced apoptosis of lung cancer cells by suppression of the effect of paclitaxel on cell cycle distribution (42) . In agreement with this, the results of the current study showed that caffeine antagonizes paclitaxel-induced cytotoxicity in Colo205.
To elucidate the mechanism by which caffeine prevents CRC cell sensitivity to paclitaxel, protein levels of GRP78 were evaluated. Results indicated that caffeine induces GRP78. These findings were consistent with previous studies, indicating that treatment of condrocytes with caffeine induces ER stress and increase intracellular calcium levels (43, 44) thus disturbing ER function and inducing UPR.
Furthermore, apoptosis mediated through the mitochondrial pathway and ER has been shown to be regulated by the Bcl-2 family proteins (45, 46) . Antiapoptotic family members, including Bcl-XL, Bcl-2 and Mcl-1 protect mitochondrial integrity, while the proapoptotic proteins in the family encourage the release of apoptogenic proteins, including cytochrome c, Smac/DIABLO and AIF from the mitochondria and calcium from the ER (45, 46) . Among the resistance mechanisms to paclitaxel in several types of cancer, including melanoma, breast and prostate cancers, is the upregulation of the antiapoptotic Bcl-2 family protein Mcl-1 (47, 48) . Results of this study have demonstrated that the treatment of Colo205 cells with caffeine increases the protein levels of Mcl-1 indicating that caffeine contributes to paclitaxel-induced apoptosis, at least in part, by induction of the Mcl-1 levels.
Another important class of proteins that is involved in the regulation of apoptosis are the inhibitor of apoptosis proteins (IAPs). This family includes IAP 1 and 2, XIAP, ML-IAP and survivin. In general, they bind to caspases and inhibit their activation (caspase-9) or prevent their effector action (caspases 3 and 7). Results of previous studies have shown that paclitaxel does not induce the expression of survivin, however, the inhibition of survivin may sensitize cancer cells to paclitaxel-induced cytotoxicity (49) . In agreement with this, the present results have demonstrated that treatment of Colo205 cells with either paclitaxel or caffeine did not induce protein levels of survivin but treatment with a combination of paclitaxel and caffeine has significantly increased survivin levels. The cause of this result remains to be elucidated in future studies.
Findings of previous studies have demonstrated that members of Bcl-2 proteins and IAP may be transcriptional targets of the MEK-ERK pathway (50, 51) . In the current study, caffeine treatment resulted in the upregulation of Mcl-1, but not survivin. Inhibition of the MEK-ERK pathway decreased the caffeine-induced levels of Mcl-1. This finding may contribute to the role of caffeine in protecting Colo205 cells from paclitaxel-induced killing by stabilizing the mitochondrial and ER membranes via the upregulation of Mcl-1 expression, preventing the release of apoptotic molecules. This is hypothesized to occur by promoting the binding of Mcl-1 to proapoptotic BH3-only members, including Bid, Bim and Noxa (52) (53) (54) (55) (56) .
In summary, the current observations indicated that caffeine may prevent paclitaxel-induced apoptosis, most likely by activation of the MEK-ERK signaling pathway. This activation has led to an increase in levels of Mcl-1 and GRP78 that were capable of protecting against the paclitaxel cytotoxic effect by stabilizing mitochondria and ER membranes, thus inhibiting release of apoptogenic molecules. U0126), with or without caffeine and paclitaxel. Whole-cell lysates were subjected to western blot analysis. Relative expression was determined against the control protein (GAPDH) using densitometric analysis. MEK, mitogen-activated protein/extracellular signal-regulated kinase.
